During molecular cloning of proviral DNA of human. spumaretroVirus, various recombinant clones were estabUshed and analyzed. Blot hybridization revealed that one of the recoinbinant plasmids bad the characteristic features of a member of the long interspersed repetitive sequences famlly. The DNA element was analyzed by restrictioil mapping and nuelootide sequencing. It showed a high degree of amino acid sequence homology of 54.3% when conipared with the 5'-terminal part of the pol gelie product of the murine retrotransposon LIMd. The 3' region of the cloned DNA element encodes proteins witb an even higher degree of homology of 67.4% in comparison to the corresponding parts of a member of the primate Kpnl sequence famlly.
During molecular cloning of proviral DNA of human. spumaretroVirus, various recombinant clones were estabUshed and analyzed. Blot hybridization revealed that one of the recoinbinant plasmids bad the characteristic features of a member of the long interspersed repetitive sequences famlly. The DNA element was analyzed by restrictioil mapping and nuelootide sequencing. It showed a high degree of amino acid sequence homology of 54.3% when conipared with the 5'-terminal part of the pol gelie product of the murine retrotransposon LIMd. The 3' region of the cloned DNA element encodes proteins witb an even higher degree of homology of 67.4% in comparison to the corresponding parts of a member of the primate Kpnl sequence famlly.
Members of the Kpnl family of long interspersed (LI) repetitive ONA sequences are repeated approximately 10 4 times perhaploid genome (19) . These DNA elements and related DNA sequence families have been identified in other mammals (4, 19) . In some cases, rearranged and truncated forms of LI repetitive sequences have been isohited and characterized (14) . In several cases, transpositions have been reported that atfect cellular geile expression (3, 6, 12) . Until recently there was no definite clue about the function, if any, of the LI repetitive sequence family members. The Situation changed when the. nucleotide sequences of fulllength members of the repetitive DNA family revealed that they have the potential to encode proteins · evolutionarily related to the retroviral g~ne product reverse transcriptase (15, 22) . Thus, another link was established between transposable elements and retroviruses, thereby extending the concept of retrotransposons from lower eilcaryotes to mammals (1, 2, 23) .
Since retrotransposons reveal a broad spectrum of fascinating structural features~ i.e., in one case long terminal repeats were reported to be inverted (5) , riucleotide sequeitce analysis is the first step to gain insight into their function. Here, we report the nucleotide sequence analysis of a DNA elemerit that was selected, isolated, and established during molecular cloning of proviral DNA of human spumaretrovirus (HSRV) that bad been prepared from human embryonie lung fibroblast cells infected with HSR V.
MATERIALSAND MEmODS
Cells and virus. Cells of hunian embryonie lung fibroblasts (HEL cells) were prepared and propagated as described previously (7) . Virus (HSRV) was propagated on HEL cells as described previously (16) .
Construction of recombinant plasmids. Native DNA from HSRV-infected HEL cells was extracted, deproteinized, and run ori a 0.8% low-melting-point agarose gel. After staining with ethidium bromide, broad DNA bands were divided into five fractions ( A to E) and isolated from agarose. Sampies of the resulting DNA fractions were rerun and stained with
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ethidium bromide. Above a broad background, discrete arid intense DNA bands became visible, particularly in fraction B, which moved at the approximate position of supercoiled human mitochondrial DNA or were of higher mobility. The Hindill DNA fragments offraction B that corresponded to 4 to 6 kilobase pairs were isolated from the low-melting-point agarose gel, purified, and inserted into the Hindill sites of the pAT153 vector (13, 25) . A total of 314 recombinant clones were analyzed. Subcloning of one recombinant clone, pHSRV-H-107, was performed with pUC18 and pUC19. In addition, the recombinant pHSRV-H-107 was amplified in Escherichia coli GM33-Cl19, a dam host.
DNA sequence analysis. Labeled DNA fragments were sequenced by the method .of Maxam and Gilbert (17) as described previously (9) . More than 90% of the sequence was determined from both strands or at least three times when the samestrand was used.
Nucleic acid.hybridizatioo. DNAs were cleaved with different restriction endonucleases and were separated by agarose slab gel electrophoresis. The DNA fragments were transferred to nitrocellulose sheets and hybridized as· described by Southem (21) . Portions (0.5 J.Lg) of individual DNA were labeled in vitro.as described by Rigby et al. (18) . ·Each sample (25 J.Ll} contained 40 J.LCi of [a-32 P]dCTP (specific activity, 6,000 Ci/mmol; and [a-32 P]dATP (specific activity, 3,000 to 6,000 Ci/mmol).
Quantitation of homology. The pol and prolease regions of the murine retroti"ansposon (15) aitd the primate LI sequence (19) were aligned with those of H-107 with the programs of Dayhotf (8) .
RESULTS

Homology of
Hindill DNA fragment H-107 to ceUwar repetitive DNA elements. To determine whether the recombinant clone pHSRV -H-107 is a member of a repetitive DNA sequence family, Southem blot hybridizations of H-107 DNA to DNA from uninfected and infected HEL cells were performed. HSRV-infected cells were used, since one of the recombinant clones had hybridized to cDNA. The results in hybridization signals of individual Hindill DNA fragments indicate that the hybridizing DNA elements were present in multiple copies as expected for a member of a repetitive sequence family.
Nudeotide sequence analysis. Restrietion maps of H-107 DNA are shown in Fig. 2 . The strategy for determining the major part of the i:mcleotide sequence of recombinant clone H-107 by the procedure of Maxam and Gilbert (17) is also shown in Fig. 3 . The 4,695-base-pair sequence was obtained by sequencing both strands and by sequencing individual fragments several times under different conditions. To minimize sequence errors, multiple-cut restriction en:tymes were used to confirm the sequence of subfragments of H-107; in addition, the plasmid H-107 was grown in a dam E. coli host, and certain sequences were redetermined by making use of those cleavage sites (e.g., of the Ndei, Clal, MoL. CELL. BIOL.
and Ben enzymes) that were methylated in the original plasmid H-107 that had been amplified in E. coli C600.
The resulting nucleotide sequence ( Fig. 3 ) contains 64.4% A . T base pairs. There are two open r~ading frames that have retroviral analogs and that were used to orient the map of H-107. Open reading frames Ionger than 91 amino acid residues were not found in the opposite strand. The major open reading frame located closest to the 3' terminus starts at nucleotide position 4150 and runs downstream for 142 codons to the Hindill site at the boundary between the insert ofpHSRV-H-107 and pAT153. Further upstream at nucleotide position 3689, another open reading frame precedes the presumed pol gene overlapping it for 16 codons (Fig. 3) . Unexpectedly, a homology of 54.3% was found when the sequence of the reverse transcriptase of the retrotransposon LIMd (15) was compared with the sequence of recombinant plasmid pHSRV-H-107 (Fig. 4) . There are long runs of identical amino acid residues in the NHrterminal part of the pol gene, although they are derived from different hosts (mouse versus human). The degree of homology increased to 67.4% when this region of H-107 was aligned to a selected domain of the corresponding primate LI sequence. Figure 5 shows a comparison of amino acid sequences between two members of the LI family, namely, the LIMd and the primate LI, to the H-107 DNA element.
It is noteworthy that the region of high hoi:nology extends into the presumed retrovirus-like protease gene and abruptly stops eight amino acid residues upstream of the wel)-conserved domain DTFKA VC that compares to DTMKAFL in the LIMd and to DTFIA VC in the primate LI sequence (Fig. 4 and 5 ). This domain has been found tobe conserved in other protease sequences and is assumed to be part of the catalytic center of the enzyme, because of its obvious similarity to the catalytic domains of cellular serine proteases (24) .
DISCUSSION
The analysis of the primary structure of DNA element H-107 indicates that it has one region of strong homology to the predicted protease and to the NHrterminal part of reverse transcriptases. Since the degree of homology in amino acid sequences is higher (54.3%) to the corresponding sequence of the murine retrotransposon LIMd and even higher (67.4%) to a corresponding domain ofthe primate LI sequence (19, 20) than to any ofthe retroviral sequences, we conclude that H-107 DNA has to be part of human retrotransposon LIHs. It is intriguing that even cleavage sites for certain restriction enzymes are conserved in the primate LI and H-107 sequerice, e.g., the Kpnl and Hindill sites at positions 4485 and 4689 (Fig. 3) . The result of the positive blot hybridization of H-107 DNA to genomic DNA of human origin is consistent with the assumption that this DNA element is an essential part of a human retrotransposon.
Recently the 6.2 kilobase-pair DNA sequence of a flllllength member, TßG41, of the Kpnl family of human DNA was reported by Hattori et al. (10) . An alignment of the amino acid sequences of TßG41 to those of H-107 required us to assume not only multiple frameshifts but also the suppression of numerous termination codons within the TßG41 sequence. Nevertheless, a high degree of homology was againfound to H-107 DNA, similar tothat found for the primate LI sequence.
Although some transposable elements like 17.6 and Tyl are ftanked by retroviruslike long terminal repeats, the genes VoL. 7, 1987 DNA SEQUENCE OF HUMAN TRANSPOSADLE ELEMENT Hilrfßl ---- e, Postulated translation frameshift from the protease reading frame to the pol reading frame. (15) . A computerprogram was used to generate diagonallines indicating segments of 20 residues that show homology. Boundaries were set as follows: 3865 to 4695 for H-107 (Fig. 3) , and 3715 to 4549 for LIMd (15) . ofthe murine retrotransposon LIMd are ftanked at the 5' end by multiple copies of a 208-base-pair direct taodem repeat and at the 3' end by an adenine-rieb sequence (15) . A comparison of the 5' sequences of H-107 DNA to those of LIMd does not reveal any obvious f1omology or similarity. 10 20 30
•o reading frame compared with that of the pol gene and overlaps the pol gene reading frame for 48 nucleotides. The position and nature of the translational block is a common feature among transposable elements and retroviruses and varies in different genetic elements (11, 26) . lt is interesting that aligning the H-107 protease region with the primate LI sequence requires a frameshift and thereby restores an aspartic acid and a threonine residue precisely at the site of the postulated catalytic center of serine proteases (24) .-It is furthermore remarkable that the analogaus sequence DTKA VC encoded by the human sequence TßG41 (10) is identical tothat of the H-107 sequence.
